Introduction
Optical chemical sensors and biosensors have been increasingly gaining attention in the world of scientific research. The said sensors may find numerous applications in environment protection, food industry, pharmacology as well in medicine [1] . By the application of optical transducers in chemo-or biosensor systems we can potentially generate very high sensitivities. It particularly involves planar evanescent field sensors. The refractive index profiles of planar waveguides can be gradient or homogeneous. However, high sensitivities can only be ensured by sensor structures produced with the application of homogeneous waveguides of high refractive indexes [2] . Due to the applied manufacturing technology, planar sensor structures are relatively easy to optimize. There are two main physical effects used in planar evanescent field chemical and biochemical sensors, the change of refractive index of waveguide cover in the sensor structure and the change of sensitive film thickness [3] [4] [5] . Such phenomena bring about the change of effective refractive indexes of the modes propagating in the structure, which can be measured with the use of interferometers or grating couplers [5] . Grating couplers as sensor elements were for the first time applied by the research team of Lukosz [6] [7] [8] [9] . The application of grating couplers for sensor purposes was also thoroughly investigated by Kuntz et al. [10] [11] [12] . Due to high measurement sensitivities, which can be obtained with the use of grating couplers as well as due to relatively easy measurement methods, the above problem is being investigated in numerous research centres.
The present paper is focusing on the properties of planar optical waveguide sensor structures with grating couplers and on the application of these structures for the measurement of a refractive index and the changes of a refractive index. The sensitivity of the system to the changes of cover parameters is determined by the properties of the applied waveguide (thickness and refractive index of waveguide film) and by the parameters of grating couplers. High sensitivity can only be ensured by waveguide structures having high jump of refractive index and by grating couplers of narrow coupling/decoupling characteristics. In the structures presented in the work we applied waveguide films SiO 2 :TiO 2 of the high refractive index (n 1 = 1.793) which were produced using sol-gel method [13, 14] . The presented grating couplers were produced by the author by embossing technique. The waveguide films were characterized by low attenuation and the obtained grating couplers had very narrow coupling characteristics. The work presents experimental dependence of the coupling angle and effective refractive indexes on the refractive index of the cover which was obtained with the application of the produced structures. The parameters of the applied waveguide films were used in the theoretical analysis. The obtained theoretical results and experimental characteristics of the grating couplers were used to estimate detection thresholds for the changes of refractive index and the changes of sensitive film thickness. The elaborated waveguide films SiO 2 :TiO 2 and grating couplers facilitate the production of planar chemo-and immunosensors of high sensitivities. For the optimum thickness of a waveguide film, we can detect the changes of a refractive index of the order of 10 -6 and the changes of a sensitive film thickness lower than 10 -3 nm.
Grating coupler
A grating coupler is a system of periodic disturbances of the period Ë produced in the planar waveguide. The excitation diagram of the planar waveguide from the substrate's side with the use of a grating coupler is presented in Fig. 1 . The figure is out of scale. The coupler is illuminated at the angle È with a monochromatic light beam of the wavelength ë. When the incidence angle meets the condition
then, the excitation of the mode of the effective refractive index N is taking place. In Eq.
(1), m stands for diffraction order and n p is the refractive index of the medium in which the angle È m is measured. The same relation is satisfied when the light is guided out of the waveguide. However, in the experimental part of the work we only present the results for the input coupler. Coupling efficiency depends on the diffraction order m, the disturbance period Ë, shape and disturbance depth and length of the coupler.
Technology
Two-component inorganic waveguide films SiO 2 :TiO 2 of high refractive index were produced in sol-gel technology [15] . As the precursors of silica and titania, we applied respectively tetraethyl orthosilicate Si(OC 2 H 5 ) 4 and tetraethyl orthotitanate Ti(OC 2 H 5 ) 4 [13, 14] . The films on glass substrates were coated using the dip-coating method. In this method, the substrate withdrawal speed v is the main parameter used to control the thickness of the obtained films. The above problem is more extensively discussed in Refs. 16, 17, and 18 . The dependence of the thickness of the obtained films on the substrate withdrawal speed v is presented in Fig. 2 . The squares stand for experimental points and solid line presents the theoretical dependence [18] . For the production of sensor structures we applied the films obtained for the substrate withdrawal speed of v = 4.14 cm/min. Immediately after coating the sol film on a glass substrate, a relief of the grating coupler was embossed in it. We followed the procedure described in Refs. 6, 7, and 19. For this reason we used a master grating made in silicon substrates of the constant 1250 lines/mm (Ë = 800 nm) and the dimensions 3×3 mm 2 . The matrixes were made using the processes of electron beam lithography and dry etching at the Institute of Electronic Materials Technology, Warsaw, Poland. Having embossed the grating pattern in the sol film, the structures were heated at the temperature 500°C for 1.5 hours. In effect, the refractive index of the waveguide films in the produced structures was n 1 = 1.793 and their thickness was d = 175 nm. Such parameters of the waveguide films were applied in the theoretical analysis presented below. Figure 3 presents modal characteristics of the slab waveguide. The single-mode work performance corresponds with waveguide films of the thickness 96 nm < d < 446 nm. As it can be observed, all waveguide films which correspond with the characteristic presented in Fig. 2 are single-mode waveguides. 
The change of the coupling angle DÈ m depends on its initial value È m and on the sensitivity constants ¶N/ ¶n c and ¶N/ ¶w. The disturbance period Ë and the applied diffraction order m are the main parameters which have the influence on the coupling angle È m with the steady wavelength ë. For the steady wavelength ë, the sensitivity constants ¶N/ ¶n c and ¶N/ ¶w depend on the refractive index n 1 and the thickness d of the waveguide film as well as on the refractive indexes of the substrate n b and of the cover n c . The sensitivity constant ¶N/ ¶w depends also on the thickness w of the sensitive film and on its refractive index n w . We present below the influence of the selected parameters of the sensor structure on particular sensitivities. We are investigating here the effect involving the change of the refractive index of the cover and the effect involving the thickness change of the sensitive film.
Computational method
For the analysis of planar waveguide structures, the Berreman matrix method was used [20] [21] [22] . This method has been frequently used for the description of light propagation in liquid crystal structures [23] [24] [25] [26] [27] [28] . The method of Berreman matrix proves very effective in the analysis of planar waveguide structures [22] . When we think of a monochromatic plane wave, which is propagating in the linear medium whose optical properties depend solely on one Cartesian z, then, from the Maxwell equations we obtain the Berreman equation [20, 21] 
where ù is the angular frequency and r Y ( ) z is a four-vector whose components are the transverse components of the fields
and D B is the Berreman matrix. The linearity of Maxwell equations ensures a linear character between the transverse components of the field on the boundaries of the layer
where T is the transfer matrix 4×4 which is derived from Eq. (3). When the waveguide is a multilayer medium, then
where T j is the transfer matrix of the j-th layer. For the isotropic layer [22] where
, N is the effective index,
is the phase change with the transition of the layer of the thickness d j .
For the isotropic homogeneous asymmetric waveguide, we obtain from Eq. 
where ã b and ã c are the field decay constants, in the substrate and in the cover, respectively
From the solution of Eq. (8) for TM modes and from the solution of Eq. (9) for TE modes we determine the effective refractive indexes N and then, applying Eq. (5), we determine the distribution of mode fields. In the case when we investigate the waveguide of a gradient profile of a refractive index, or when the waveguide is coated by a sensitive film of the thickness lower than the penetration depth of the evanescent field, then the refractive indexes of the substrate and the cover should be replaced respectively by the effective indexes of the substrate and the cover [18] . Figure 4 presents the calculated dependences of the effective refractive indexes on the refractive index of the cover N(n c ) for fundamental modes. With the rise of refractive index of the cover, the effective indexes are rising. A stronger rise can be observed for the TM 0 mode. The following was assumed for the calculations: refractive index of the substrate n b = 1.5087, refractive index of the waveguide film n 1 = 1.7930, thickness of the waveguide film d = 175 nm, and the wavelength l = 677 nm. These parameters correspond with the parameters of the structure presented in the experimental part of the work (Sec. 6). Figure 5 presents the calculated dependences of the sensitivity ¶N/ ¶n c for fundamental modes on the thickness d of the waveguide film for different refractive indexes of the cover n c , when the structure was produced on glass substrate (n b = 1.5087). Figure 6 presents the calculated characteristics of the sensitivity ¶N/ ¶n c for the sensor structure produced on silica substrate (n b = 1.4540). In Figs. 5 and 6, we can observe two types of characteristics, depending on the refractive index of the cover n c . When the refractive index of the cover is lower than the refractive index of the substrate (n c < n b ) then, the dependence of the sensitivity ¶N/ ¶n c on the thickness of the waveguide film is of non-monotonic character. Initially, when the thickness d of the waveguide film is becoming higher than the cut-off thickness, the sensitivity ¶N/ ¶n c is strongly growing with the rise of d. Then, the sensitivity ¶N/ ¶n c , having attained the maximum value, is decreasing with the rise of the thickness d of the waveguide film. For the refractive indexes of the cover higher than the refractive index of the substrate (n c > n b ), the sensitivity ¶N/ ¶n c attains its highest value for the cut-off thickness. For the rising thickness d of the waveguide film, we can observe the drop of sensitivity ¶N/ ¶n c . Two types of characteristics in Figs. 5 and 6 can be understood better when we take into account the influence of the refractive index of the cover n c on the distribution of modal fields. Figure 7 Opto-Electron. Rev., 15, no. ents the dependences of the optimum thickness d opt of the waveguide film on the refractive index of the cover n c . As we can see from the relations presented in Fig. 8 , the lower refractive index of the substrate n b corresponds with the higher sensitivity ¶N/ ¶n c . For example, for the refractive index of the cover n c = 1.4000, for TM 0 mode, the maximum sensitivity ¶N/ ¶n c of the structure with glass substrate is ( ¶N/ ¶n c ) max = 0.197, and for the structure with silica substrate ( ¶N/ ¶n c ) max = 0.292. Hence, it means that the application of the substrate of low refractive index has the influence on the rise of sensitivity ¶N/ ¶n c . For a given substrate and a definite refractive index of the waveguide film, the thickness of the waveguide film is a basic parameter having influence on the sensitivity ¶N/ ¶n c .
Change of refractive index of the cover

Change of sensitive film thickness
The increase in sensitive film thickness of the refractive index higher than the refractive index of the surrounding (n w > n c ) brings about the rise of the effective indexes of modes propagating in the structure. Below, we present the influence of the thickness w of a sensitive film on the effective refractive indexes of modes propagating in the sensor structure. We have discussed the influence of the thickness d of the waveguide film and the influence of a refractive index of the substrate n b on sensitivity ¶N/ ¶w. We assumed in the calculations that the refractive index of the sensitive film was n w = 1.5000 and the refractive index of air n c = 1.0003 was selected as the ambient medium. The dependence of the effective refractive indexes of the fundamental modes on the thickness w of the sensitive film of the refractive index n w = 1.5000, with air as the ambient medium is presented in Fig. 10 . With the rise of the thickness w of the sensitive film, the effective indexes increase. The highest increase dynamics of the refractive indexes was observed for a very small thickness w of the sensitive film. With the rise of the sensitive film thickness, the increase dynamics of the effective indexes is decreasing. Dashed lines in Fig. 10 stand for the dependence of the effective indexes on the thickness of the sensitive film, using the approximation equation of Tiefenthaler and Lukosz [3] which, as it can be seen, can be only applied for a very small thickness of the sensitive film. Therefore, it can be only used for the analysis of immunosensors. The influence of the waveguide film thickness d on the sensitivity ¶N/ ¶w is presented in Fig. 11 . The figure presents the characteristics for two values of the sensitive film thickness w = 1 nm and w = 100 nm. Very thin (monomolecular) sensitive films of the thickness~1 nm are used in immunosensors, and those of the order 100 nm or more can be applied in chemical sensors [5] . It can be observed that the dependence of the sensitivity ¶N/ ¶w on the thickness d of the waveguide film is non-monotonic, the same as for the sensitivity ¶N/ ¶n c , when n c < n b . The sensitivity ¶N/ ¶w attains Opto-Electron. Rev., 15, no. the maximum value for the waveguide film thickness slightly higher than the cut-off thickness. The maximum value of the sensitivity ( ¶N/ ¶w) max , as well as corresponding with it the optimal thickness of the waveguide film d opt , depends on the thickness w of the sensitive film. The relations are illustrated respectively in Figs.12 and 13. Figure  12 presents the dependence of the maximum sensitivity ( ¶N/ ¶w) max on the thickness w of the sensitive film, for the sensor structure on glass substrate (n b = 1.5087) and for the structure on silica substrate (n b = 1.4540). We can see that in both cases the sensitivity ¶N/ ¶w strongly depends on the thickness w of the sensitive film. The sensitivity ¶N/ ¶w has the highest values for a very thin sensitive film. In practice, these are monomolecular, immunosensitive films. Initially, with the rise of the sensitive film thickness, the sensitivity ¶N/ ¶w is decreasing fast. It is not until the thickness of the sensitive film exceeds~200 nm, that the dependence becomes weaker. Similar as in the case of the sensitivity ¶N/ ¶n c , the higher sensitivities ¶N/ ¶w correspond with the structures on the substrate of lower refractive index (silica substrate). Higher sensitivities correspond with TM polarization. We can observe from the relations presented in Fig.  13 that higher values of the thickness w of the sensitive film correspond with lower optimal thickness of the waveguide film d opt . As presented above, the TM polarization corresponds with the higher optimal thickness d opt of the waveguide film.
Measurement setup
The measurement setup is presented in Fig. 14 . The investigated PS structures were placed on a goniometer GO which was powered by a stepping motor. The rotation of the goniometer was measured with the accuracy of 1.8 arcseconds. The grating coupler was illuminated from the substrate side. We applied a laser diode LD of the wavelength l = 677 nm as light source, supplied by a generator G. The relevant polarization state of the illuminating beam was set using a polarizer P and a polarization rotator PR. The optical signal from the end of slab waveguide was guided to the detector D with a multimode optical fibre of PCS type (200/300 µm). The detection of the modulated signal was realized using a homodyne nanovoltmeter NH. Modal spectra were recorded on a computer with the use of a measuring card.
Experimental results and discussion
The produced structures with grating couplers of the period Ë = 800 nm were investigated in view of their application as sensor elements for precise measurements of refractive index and the changes of a refractive index. In the measurement setup presented in Fig. 14 , modal spectra were recorded when the liquid of the definite refractive index n c was used as the cover of sensor structure. Refractive indexes of the applied liquids were determined using the Abbe refractometer. The structures were excited from the substrate side. The measurements were carried out for both polarization states with the excitation of the structure effected with the first diffraction order m = 1. The selected coupling characteristics for TM polarization, recorded for different refractive indexes of the cover n c are presented in Fig. 15 . The rise of the refractive index of the cover n c brings about the rise of the effective refractive indexes of the modes guided in the structure, which, as it follows from Eq. (1), brings about the rise of the coupling angle È m . It can be seen that the particular coupling characteristics have very small widths. Alongside the rise of a refractive index we observed a slight widening of coupling characteristics. Figure 16 presents resonance coupling characteristics which correspond respectively with the lowest value of the refractive index of the cover n c = 1.0003 [ Fig. 16(a) ] and the highest value of the refractive index of the cover n c = 1.5150 [ Fig. 16(b) ]. The characteristics are presented in the normalized state, where [9] N N n m
The full widths at half maximum (FWHM) are respectively dN =´-31 10 4 .
[ Fig. 16(a) ] and dN =´-3 4 10 4 . [ Fig. 16(b) ], which, in the domain of the angles, corresponds with the following values, 0.023°and 0.029°. These are very small values, which account for very good parameters involving the elaborated grating couplers and for low attenuation of planar waveguides. Basing on the normalized characteristics (Fig. 16) , we can estimate detection thresholds for the changes of the effective refractive index for the structures presented here. Assuming that the recorded signals in the detection system can be measured with the resolution 10 -3 , then, with the excitation of TM 0 mode, the detection thresholds are respectively, äN min = dN10 -3 =3.1×10 -7 when air is used as the cover (n c = 1.0003) and äN min = 3.4×10 -7 for n c = 1.5150.
The dependence of the coupling angle on the refractive index È(n c ) for both polarization states, determined from the mode characteristics, is presented in Fig. 17 . The diamonds stand for the points corresponding with the excitation of TE 0 mode and the triangles stand for the points corresponding with the excitation of TM 0 mode. Solid lines stand for the relations calculated theoretically. We can see a very good agreement between the theoretical relations and experimental results. The relations between effective refractive indexes and refractive indexes of the cover are presented in Fig. 18 . The sensitivity values corresponding with experimental characteristics (Figs. 17 and 18 ) are presented respectively in Figs. 19 and 20. We can see from the presented relations that the sensitivity ¶q/ ¶n c and the sensitivity ¶N/ ¶n c for the TM 0 mode, along the whole changes range of refractive index of the cover, is higher than for the TE 0 mode. At the same time, together with the rise of the refractive index of the cover, there is a difference growing between the sensitivities corresponding to TM 0 and TE 0 modes. When air is used as the cover of the sensor struc- (Figs. 8 and 9 ), we can observe that the presented here sensor structure, produced on soda-lime glass substrate is optimal for refractive indexes of the cover close to~1.36. Refractive indexes on that level are characteristic of water solutions of organic substances, including physiological liquids. For the sake of comparison, when for the measurements of the refractive indexes close to n c 1.360, we apply the structure made on silica glass substrate of the optimal waveguide film thickness d opt = 147 nm (n 1 = 1.793), then for the TM 0 mode we can obtain the sensitivity ¶N/ ¶n c = 0.238. Then, the detection threshold of the refractive index changes will be (Än c ) min = 1.3×10 -6 . The detection threshold of the refractive index changes will be then lower by 38% than the detection threshold of the refractive index changes in the presented structure. By using the optimal structure for the measurement of the changes of a refractive index approximately close to n c 1.515 (n c > n b ), the detection threshold of the refractive index changes is (Än c ) min = 3.4×10 -7 . In a similar way, we can estimate detection thresholds for the mean change of the sensitive film thickness (Dw) min . For the sensitive film of the thickness w = 1 nm and for the structure on silica substrate (n w = 1.5000, n c = 1.0003, n b = 1.4540), the detection threshold for its thickness change for the TM 0 mode is (Dw) min = dN min ( ¶N/ ¶w) -1 = 4.5×10 -4 nm. For the structure of glass substrate, the detection threshold of the change of a sensitive film thickness in this case for the TM 0 mode is (Dw) min = 5.8×10 -4 nm. For the sensitive film of the thickness w = 100 nm and glass substrate, the detection threshold of the changes of sensitive film thickness for the TM 0 mode is (Dw) min = 1.13×10 -3 nm. For the silica substrate, the detection threshold of the changes of a sensitive film thickness for the TM 0 mode is (Dw) min = 8.25×10 -4 nm. We can see from the above that the presented planar structure with a grating coupler is characterized by very good sensor qualities. The elaborated structures will be applied in precision measurements of refractive index and changes of a refractive index. They will be applied in the research on sensitive films. Sensor qualities of the structures presented here are appropriate for their application in immunosensors.
Conclusions
The paper presents sensor properties of planar waveguide structures with grating couplers. The waveguide films were obtained using sol-gel method, in which the grating couplers were obtained by the embossing method. The paper offers the results of theoretical analysis as well as the results of experimental research involving input coupler structures of the period Ë = 800 nm. In the theoretical part of the paper we discussed the influence of the parameters of sensor structure on the refractive sensitivity and on the surface sensitivity. We have demonstrated that when the refractive index of the cover is lower than the refractive index of the substrate (n c < n b ), then the dependence of the refractive sensitivity on the thickness of the waveguide film is non-monotonic. Then, there exists an optimal thickness of the waveguide film d opt which depends on the value of the refractive index of the cover and on the refractive index of the substrate n b . For the refractive indexes of the cover higher than the refractive index of the substrate (n c > n b ), the refractive sensitivity attains its highest value in the cut-off point, getting lower with the rise of the thickness of the waveguide film. It has been demonstrated in the work that the sensitivity ¶N/ ¶w strongly depends on the thickness of a sensitive film and the thickness of a waveguide film. To obtain the maximum sensitivity ¶N/ ¶w, it is necessary to select the optimal thickness of the waveguide layer d opt .
The work presents the results of experimental research involving the influence of the refractive index of the cover on the coupling characteristics of sensor structures with grating couplers. The full widths at half maximum were from 0.023°to 0.029°. For the investigated structures we estimated detection thresholds for the changes of refractive index of the cover and the changes of sensitive film thickness. We have demonstrated that by the application of the elaborated structures we can detect minimal changes of the refractive index (Än c ) min = 2.1×10 -6 when n c = 1.3330, and (Än c ) min = 1.0×10 -6 when n c = 1.5150. For sensitive films of the thickness w < 100 nm, by using the elaborated structures, we can detect mean changes of the thickness lower than 10 -3 nm.
The elaborated planar structure with a grating coupler is characterized by very good sensor properties. Such structures will be developed in view of their application in precise measurements of a refractive index and the changes of a refractive index of sensitive films for chemical sensors. The parameters of the structures presented here offer better accuracy than in the case of other measurement methods. The sensor properties are suitable for their application in immunosensors.
